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1 Introduction

This contribution follows up on our contribution on blind decodes for carrier aggregation during RAN WG1 #60 meeting [2]. During the same meeting there were discussions on how to handle the blind decodes on PDCCH for LTE Rel-10. For this discussion it is important to consider in which scenario an increase in blind decodes is possible and which LTE Rel-10 features the UEs should support.
2 Features related to blind decoding complexity

There are three features that will potential require an increase in blind decodes within LTE Rel-10, i.e. carrier aggregation, uplink MIMO and non-contiguous resource allocation on PUSCH. For all these features it is important to study the UE complexities associated with an increase in blind decodes on PDCCH and compare it to other functionality within the feature. This is needed in order to determine if an increase in blind decodes on PDCCH is motivated or not for the feature.

2.1 Carrier aggregation

In principle there are four different types of carrier aggregation scenarios, i.e. contiguous carrier aggregation with more than 20 MHz of spectrum, non-contiguous carrier aggregation with more than 20 MHz of spectrum, contiguous carrier aggregation within 20 MHz of spectrum and non-contiguous carrier aggregation within 20 MHz of spectrum.

Both contiguous and non-contiguous carrier aggregation of more than 20 MHz of spectrum is utilized to achieve higher throughput. A high-end UE that supports contiguous or non-contiguous carrier aggregation with more than 20 MHz spectrum will support substantially higher bit rates on PDSCH compared to Rel-8 terminals, which is a substantial step in UE complexity. Increasing the maximum number of blind decodes on PDCCH so that it corresponds to the number of component carriers the UE can aggregate is then a comparably small step in terms of UE complexity for such UEs.

Non-contiguous carrier aggregation within 20 MHz is typically used for spectrum aggregation to add different smaller bands together. A UE supporting this will have multiple radio receiver chains for different frequency bands. Increasing the maximum number of blind decodes on PDCCH so that it corresponds to the number of component carriers the UE can aggregate is then a also comparably small step in terms of UE complexity for such UEs.

Contiguous carrier aggregation within 20 MHz of spectrum is e.g. used for operators that are not deploying contiguous 20 MHz of spectrum for LTE from the beginning or for heterogeneous network deployments, where an operator would divide its existing spectrum in two CC as described in [1]. A LTE Rel-10 UE only supporting contiguous carrier aggregation within 20 MHz would have similar processing capacity as a LTE Rel-8 UE in terms of bit rate on PDSCH and radio receiver chain. Associating such a UE with a huge increase in the number of blind decodes does not seem to be reasonable.

Assuming that all LTE Rel-10 UE categories should support at least aggregation of contiguous carriers within 20 MHz, the design of the total number of blind decodes should also reflect this aspect. Consequently the minimum UE class for LTE Rel-10 should support the same maximum number of blind decodes on PDCCH as in LTE Rel-8. Other LTE Rel-10 UE categories should support a maximum number of blind decodes on PDCCH that corresponds to the number of component carriers they can aggregate.

Proposal 1:

· LTE Rel-10 UE categories only supporting contiguous carrier aggregation within 20 MHz shall support the same maximum number of blind decodes on PDCCH as a LTE single carrier Rel-10 UE category. 

· LTE Rel-10 UE categories supporting non-contiguous carrier aggregation and contiguous carrier aggregation with more than 20 MHz shall at least support Nx44 number of blind decodes on PDCCH, where N is the number of component carriers that the UE can aggregate.

2.2 Uplink MIMO

Uplink MIMO will require a new DCI format. It will not to be possible to reuse DCI format 0 as the new DCI format for UL MIMO since the number of available bits in DCI format 0 is not sufficient. Further, a UE that is configured for uplink MIMO should have the possibility to receive DCI format 0 and the new DCI format intended for uplink MIMO in the same subframe. This is needed because it should always be possible to communicate with the UE independent on whether it goes out of coverage of the new DCI format for uplink MIMO or whether there is switching between several uplink transmission modes. The reasons are similar to why a UE always monitors DCI format 1a in downlink for LTE Rel-8/9.

There are two design possibilities for this new DCI format, either the uplink MIMO DCI format size is aligned with an existing DCI format that the UE monitors or a new DCI format size is created. Setting the uplink MIMO DCI format to the same size as an existing DCI format implies that it should be aligned in size with the DCI format that is associated with the DL transmission mode that the UE is currently configured in. Given that uplink MIMO as a feature requires several transmit antennas and several transmission chains at the UE, this seems to be an unnecessary complex solution and will potentially not function in all scenarios, i.e. in all DL transmission modes or when the uplink bandwidth is larger than the downlink bandwidth. Instead it would be beneficial to introduce transmission modes in the uplink that would be similar to the DL transmission modes. This would imply that a new DCI format is created, which the UE only listens to on the UE specific search space on PDCCH. This will result in 16 additional blind decodes to handle, which if the whole uplink MIMO feature is taken into account, would not be significant from a UE complexity perspective.

Proposal 2:
· Uplink MIMO should be support by introducing transmission mode in the UL with a new DCI format that is only transmitted in the UE specific search space on PDCCH and is not bit aligned to any DCI format.

2.3 Non-contiguous resource allocation on PUSCH

For non-contiguous resource allocation, the issue is mainly how many UEs that will support it. If the feature is mandatory for all UE categories an increase in blind decodes can not be accepted, since there will significant impact on UE complexity associated with it. Given that overall gain with the feature will not be significant assuming the large back-of values given in [3].

Proposal 3:
· Non-contiguous carrier aggregation should not require any additional blind decodes on PDCCH compared to the level in LTE Rel-10 single carrier operation.

3 Search space design 

3.1 Search space design for PDCCH

The search space design for PDCCH is one of the main aspects in the design of number of blind decodes for LTE Rel-10. For the case of carrier aggregation without CIF the UE should have a single UE specific search space per component carrier. For the case of carrier aggregation with CIF some design consideration need to be taken. In this section the focus is on search space design in general and section 3.2 focuses on the search space aspects taking different UE classes into consideration. In principle there are three different design options to consider when designing the UE specific search space on PDCCH in case of CIF:

· a single UE specific search space serving all component carriers with the same size as when carrier aggregation is operated without CIF

· a single UE specific search space which is extended in size depending on how many component carriers it serves

· multiple UE specific search space, i.e. one search space per component carrier.

A UE that supports a certain maximum number of blind decodes on PDCCH will always have that capability independent if CIF is configured or not. For example, consider a typical heterogeneous networks scenario with two component carriers. In such a scenario one of the component carriers is operating with CIF and schedules PDSCH on both component carriers. If a UE supports a maximum of 88 blind decodes (corresponding to a linear increase by two component carriers), there is no reason why there should be limitation imposed limiting the UE specific search space to only have the same size as when it is operated without CIF. The two approaches to utilize the blind decodes in the UE are to make the search space larger or let the UE monitor one UE specific search space per component carrier.

To achieve a simple extension from single carrier operation, the number of blind decodes needs to adapt to the number of component carriers that is currently activated. If the bandwidths of the several component carriers are equal, consideration need also to be taken to which transmission modes the UE is operating on in the different component carriers. Extending the search space suffers from the drawback that it will be rather complicated to design the extra candidate’s level that needs be added and removed dynamically, based on the different transmission modes on the different component carriers. Based on this it appears to be simpler to have an approach based on multiple search spaces, which does not suffer from this drawback. Whether the UE specific search spaces are configured overlapping or non-overlapping depends on the blind decoding capabilities of the UE.

Proposal 4:
· Each UE category supports a set of UE specific search spaces that is equal to the number of active component carriers.

· Each UE specific search spaces can be configured on any component carriers in the DL component carrier set.
· The UE specific search spaces can be configured overlapping or non-overlapping, depending on the blind decoding capabilities of the UE.

3.2 Search space considerations for different UE classes

The UE specific search space design for a UE category that for supports a maximum number of blind decodes on PDCCH linearly increases with the number of component carriers it can aggregate, as discussed in section 3.1. 

Some consideration needs however to be taken on how the design looks for a UE category that only supports the same maximum number of blind decodes on PDCCH as for LTE Rel-8/9 (or Rel-10 single carrier), but has the possibility to aggregate two component carriers. For this search space design there are two possibilites:

The first possibility is that the UE has the capability to operate with two UE specific search spaces, but the number of candidates on each aggregation level is half compared to UE specific search spaces for a LTE Rel-8/9 UE. There is no difference if the component carriers are configured with CIF or not. For both types of operation the UE will have two UE specific search spaces. The only difference is on which component carriers they are located. This approach could be rather limiting in terms of scheduling flexibility, as the number of candidates on each aggregation level is half compared to LTE Rel-8/9.

The second possibility is that the UE supports only carrier aggregation if CIF is configured, and the two UE specific search spaces are always configured so that they overlap completely. If it should be possible to constrain the maximum number of blind decodes to the LTE Rel-8/9 levels, either this UE category only supports carrier aggregation with the same bandwidth and transmission mode on both component carriers or padding is applied to DCI formats incase the bandwidth and/or transmission mode is different for the two component carriers.

Proposal 5:
· UE categories only supporting contiguous carrier aggregation within 20 MHz can only be configured with PDCCH with CIF from one CC and an overlap of all the UE specific search spaces on that component carrier 
· Study further if a UE category only supporting contiguous carrier aggregation within 20 MHz should only support carrier aggregation with two component carriers that have the same system bandwidth and transmission mode.
4 Conclusion

In this contribution we discuss how the number of blind decodes relates to the UE specific search space design considering impacting Rel-10 features and UE complexity. Based on the discussion we propose the following:

· LTE Rel-10 UE categories only supporting contiguous carrier aggregation within 20 MHz shall support the same maximum number of blind decodes on PDCCH as a LTE Rel-10 single carrier UE category. 

· LTE Rel-10 UE categories supporting non-contiguous carrier aggregation and contiguous carrier aggregation with more than 20 MHz shall at least support Nx44 number of blind decodes on PDCCH, where N is the number of component carriers that the UE can aggregate.

· Uplink MIMO should be support by introducing transmission mode in the UL with a new DCI format that is only transmitted in the UE specific search space on PDCCH and is not bit aligned to any DCI format.

· Non-contiguous carrier aggregation should not require any additional blind decodes on PDCCH compared to the level in LTE Rel-10 single carrier operation.
· Each UE category supports a set of UE specific search spaces that is equal to the number of active component carriers.
· Each UE specific search spaces can be configured on any component carriers in the DL component carrier set.

· The UE specific search spaces can be configured overlapping or non-overlapping, depending on the blind decoding capabilities of the UE
· UE categories only supporting contiguous carrier aggregation within 20 MHz can only be configured with PDCCH with CIF from one CC and and overlap of all the UE specific search spaces on that component carrier 

· Study further if a UE categories only supporting contiguous carrier aggregation within 20 MHz should only support carrier aggregation with two component carriers that have the same system bandwidth and transmission mode.
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